. In order to provide additional information on the interactions between unlike magnetic ions in vitreous matrices, magnetic susceptibility (v) measurements in combination with X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma spectroscopy (ICP) have been used to determine the ratio of dierent valence states of the V and Fe ions in vanadium phosphate glasses containing Fe 2 6 ). The extent and nature of this interaction can correspondingly be deduced from parameters associated with the observed Curie Weiss behavior (v C=T À h) of these glasses.
Experimental procedure

Glass preparation
The glasses were prepared by melting dry mixtures of reagent grade V 2 O 5 , P 2 O 5 and Fe 2 O 3 in alumina crucibles with the batch composition Fe 2 O 3 x V 2 O 5 0:6Àx P 2 O 5 0:4 , where x 0:00, 0.10, 0.20, 0.25 and 0.30. Since the oxidation and reduction reactions in a glass melt are known to depend on the size of the melt, on the sample geometry, on whether the melt is static or stirred, on thermal history and on quenching rate, all glass samples were prepared under similar conditions to minimize these factors [12] . Approximately 30 g of chemicals were thoroughly mixed to obtain homogenized batches. The crucible containing the batch mixture was placed in a furnace, heated at 300°C for 1 h and then transferred to an electrically heated melting furnace maintained at 1100°C. The melt was left for about 3.5 h under atmospheric conditions in the furnace during which the melt was occasionally stirred with an alumina rod. The homogenized melt was then cast onto a stainless steel plate mold to form glass buttons and glass rods of approximately 5 mm diameter for XPS measurements. The batch and actual compositions of the glasses studied are listed in Table 1 with the actual compositions determined by ICP spectroscopy.
Magnetization measurements
The temperature-dependent dc magnetic susceptibility was measured using a Quantum Design SQUID magnetometer in a magnetic ®eld of 100.0 Oe over a temperature range 5 300 K. The susceptibility of the sample holder is negligible below 100 K for all samples and less than a 2% correction at the highest temperature for samples with a total susceptibility less than 1 Â 10 À8 emu/Oe. The overall accuracy of the magnetic measurements is estimated to be approximately 3% due to the uncertainty of the magnetometer calibration.
X-ray photoelectron spectroscopy (XPS)
High-resolution photoelectron spectra were collected on a spectrometer equipped with dual aluminum magnesium anodes using Al Ka radiation (hm 1486:6 eV) as described elsewhere [13] . The electron analyzer was set at a bandpass energy of 20 eV with the energy scale of the spectrometer calibrated using the core level of Cu 2p 3=2 (932.4 eV) and the energy separation between Cu 2p 3=2 and Cu 2p 1=2 (19.8 eV) . The charging of nonconducting glass samples was avoided by¯ooding the sample with a separate source of low-energy electrons. The energy and intensity of these external electrons were adjusted to obtain the best resolution as judged by the narrowing of the fullwidth at half-maximum (FWHM) of the photoelectron peaks. At the optimum settings of the neutralizing gun (electron kinetic energy between 5 and 10 eV and electron emission current at the sample between 1 and 5 nA), the position of the adventitious C 1s line was within AE0.5 eV of 284.6 eV. This peak arises due to hydrocarbon contamination and its binding energy is generally accepted as remaining constant, irrespective of the chemical state of the sample. For the sake of consistency, all energies are reported with respect to the C 1s transition at 284.6 eV. Glass rods of approximately 5 mm diameter were broken by vacuum cleavage inside the preparation chamber of the spectrometer in order to obtain fresh glass surface. The typical time required to collect an XPS spectrum for a sample was about 4 h and the base pressure in the analysis chamber during these measurements was less than 5 Â 10 À11 mbar.
Results
A typical, low-resolution X-ray photoelectron spectrum for a Fe 2 O 3 vanadium phosphate glass sample (x 0:20) is shown in Fig. 1 . This widescan spectrum as well as similar spectra obtained for the other glass compositions was obtained in about 1 h using non-monochromatic Al Ka. In addition to the photoelectrons and Auger transitions of the glass constituents, the C 1s transition is evident at 284.6 eV. Since this peak is associated with the hydrocarbon contamination and almost always present on samples introduced from the laboratory environment or from a glove box [14] , it is used as an energy reference. The resulting peak positions for the Fe 2p, V 2p, P 2p, P 2s and O 1s core levels based on this assignment are listed in Table 2 . Fig. 2 compares the high-resolution V 2p and O 1s core level spectra for these Fe 2 O 3 vanadium phosphate glasses with the spectra of V 2 O 5 and P 2 O 5 powders. While it is apparent that V 2p 3=2 and 2p 1=2 peak positions for the glass samples are essentially the same as that for the V 2 O 5 powder, the V 2p spectra for the glasses are signi®cantly broader and more asymmetric at the lower energies. Such broadening of the V 2p spectra suggests the existence of some non-equivalent vanadium atoms. Since vanadium can exist in several dierent valence states [15] , each V 2p 3=2 spectrum was decomposed into two Lorentzian Gaussian peaks with a linear slopping background by means of a least-square ®tting program [16] as shown in Fig.  3 . The resulting peak positions and the relative areas under the peaks determined from this ®tting for each spectra are given in It is also evident in Fig. 2 that the O 1s peak for P 2 O 5 is very asymmetric and, in fact, consists of two overlapping peaks. It is well known that orthorhombic P 2 O 5 is based on an assembly of discrete molecules consisting of four PO 4 tetrahedra with three oxygen atoms being shared by the three neighboring tetrahedra and the other being double-bonded to the phosphorus atom [18] . From charge density considerations, the non-bridging atom peak will be shifted towards a lower binding energy with respect to the bridging oxygen atom peak [19] . Thus after decomposing the O 1s spectra into two peaks, the lower binding peak at 531.9 eV is associated with the non-bridging oxygen (P@O bonds) and the higher energy peak at 533.6 eV is associated with the bridging oxygen (P±O±P bonds) for the P 2 O 5 powder. In addition, the ratio of the areas under the P@O and P±O±P peaks should re¯ect the relative ratio of 2:3 for nonbridging oxygen atoms to bridging oxygen atom for every P 2 O 5 molecule. The resulting determi- Table 2 Peak positions (in eV) for the core levels Fe 2p, V 2p, P 2p, P 2s and O 1s relative to the C 1s peak (284.6 eV) and the FWHM for the O 1s level nation of the relative areas as shown in Table 2 is in agreement with this prediction. In comparison to the P 2 O 5 powder spectrum, the spectra for the vanadium phosphate glass samples and the V 2 O 5 powder are much more symmetric without any discernible evidence for more than a single peak. Furthermore, the FWHM of the O 1s spectra for the glasses are comparable to the FWHM deduced from ®tting either of the two O 1s peaks for the P 2 O 5 powder as shown in Table 2 . Thus the data suggest that à single' type of oxygen bond dominates the local oxygen structure in the vanadium phosphate glasses even though the O 1s spectra for the glasses are broader than that for the V 2 O 5 powder. Fig. 4 shows the high-resolution Fe 2p spectra for the glass samples as well as the spectrum for Fe 2 O 3 powder. Although the Fe 2p 3=2 and 2p 1=2 peak positions for the glass samples are approximately 1.2 eV higher in energy than that for the Fe 2 O 3 powder, the binding energies are in good agreement with those reported for iron phosphate glasses [20] . Furthermore, since Fe can exist in either the Fe 2 or Fe 3 state, the Fe 2p 3=2 peaks for the glass samples are also decomposed into two separate peaks as shown in Fig. 5 . From this ®tting routine, two peaks with average values of 711.7 and 713.8 eV are found (see Table 3 ) and are assigned to Fe 2 and Fe 3 , respectively. This assignment is based on the binding energy of Fe(III) 2 O 3 being about 1 2 eV higher than that for Fe(II)O [21] and the strong agreement with the Fe 2p 3=2 peak positions reported for Fe 2 and Fe 3 in the iron phosphate glasses [20] . The ®tting routine further suggests that the ratio of the relative Fe to Fe 2 areas increases with increasing iron content in these Fe 2 O 3 vanadium phosphate glasses.
The variation in the binding energies of the P 2p and P 2s electrons has also been examined. Figs. 6 and 7 compare high-resolution XPS spectra of the P 2p and P 2s core levels for the glasses to that of P 2 O 5 powder. Each spectrum appears to consist of a single peak whose width remains essentially unchanged; however, both the P 2p and P 2s peaks for the glasses shift by about 1.9 eV to lower energies as shown in Table 2 . Also it should be noted that the binding energies of the P 2p and P 2s electrons for all glass samples is essentially independent of the Fe content.
The magnetic susceptibility results for the glasses are shown in Figs. 8 and 9 as plots of inverse mass magnetic susceptibility, v À1 , as a function of the temperature, T. The data appear to follow a Curie Weiss behavior (v C=T À h) over most of the temperature range. From the slope and intercept, the Curie constant, C expt and paramagnetic Curie temperature, h (K), are determined for each of the glass samples (see Table  4 ). Both the Curie constants and the magnitudes of the paramagnetic Curie temperature increase with increasing Fe content in the glasses. Since the paramagnetic Curie temperature, h, is a rough measure of the strength of the interaction between the magnetic ions in the sample, a higher value implies stronger interaction and/or more ions participating in the interaction. The negative values for the paramagnetic Curie temperatures indicate that the magnetic interaction is predominately antiferromagnetic in these Fe 2 O 3 vanadium phosphate glasses.
Discussion
As described in the preceding section, XPS provides information of the short-range structure in these glasses. For example, the O 1s spectrum for P 2 O 5 in Fig. 2 was found to consist of two overlapping peaks centered at 533.6 and 531.9 eV with a ratio of relative areas of nearly 3:2. This is understood in terms of the higher binding energy being associated with the six bridging oxygen atoms (P±O±P type of bonds) in the P 4 O 10 structure and the lower binding energy with the four doublebonded oxygen atoms (P@O bonds). Following similar arguments for a dierence in the binding energies between bridging and non-bridging oxygen sites, the spectrum for V 2 O 5 powder should have two peaks as four of the oxygen atoms in the V 2 O 5 crystal structure are double-bonded oxygen (V@O bonds) while only one is a bridging oxygen (V±O±V bond). The narrowness and symmetry of the O 1s peak for V 2 O 5 powder suggest that the energy dierence between V@O and V±O±V bonds Thus less than 5% of the total number of possible oxygen bonds should be bridging oxygen bonds (P±O±P) in this highly concentrated vanadium phosphate glass and the remaining 95% should be non-bridging oxygen atoms (P@O, P±O±V, V±O±V and V@O) whose photoelectrons would give rise to the observed single O 1s peak. In principle, this O 1s peak could be decomposed into four smaller peaks representing each of these four types of non-bridging oxygen atoms; however, it would require a minimum of eight ®tting parameters. Furthermore, the separation of the peaks might be indistinguishable as a previous XPS study on alkali phosphate glasses [22] showed that contributions in the O 1s spectra from the doublebonded oxygen atoms (P@O) and the`non-bridging' oxygen atoms (P O Na) had an energy difference on the order of 0.1 eV or less. Thus, it is doubtful that any meaningful insight into the local structure would be gained from a four-peak ®tting analysis, especially considering the narrowness of the observed O 1s peak. Instead, it is more reasonable to hypothesize that all of the non-bridging oxygen atoms have nearly the same binding energies. The addition of Fe 2 O 3 into the vanadium phosphate glass structure will result in nonbridging Fe O P and Fe O V bonds being formed and replacing some of the non-bridging P O V, V O V and V@O bonds with little eect on the relative ratio of the P O P bonds to nonbridging oxygen bonds. Thus a single O 1s peak should remain with minimal shift in the peak position (binding energy of the photoelectrons) as a function of increasing Fe 2 O 3 concentration. The 1.9 eV shifts to lower binding energies of the P 2p and P 2s electrons for the vanadium phosphate glasses are mainly due to a dierence in the molecular environment surrounding the P atom between the P 2 O 5 and Fe vanadium phosphate glass structures. While the next-nearest neighbors in P 2 O 5 are all P atoms, there is a more than 50% probability that a V (or Fe) atom will be the next-nearest neighbor in these highly concentrated phosphate glasses. Since the electronegativities of V and Fe are lower than that of P ( 2.1), V and Fe have less of an anity for electrons than P. Thus the electron density at the P atom increases with the the presence of V/Fe atoms and leads to a decrease in P 2p and P 2s binding energies in these glasses. Furthermore, since the ratio of the V/Fe ($0.60) to P ($0.40) remains nearly constant for all glass samples, the P 2p and P 2s binding energies should show little variation with Fe content as observed in the XPS spectra.
In comparing binding energies of the 2p 3=2 and 2p 1=2 electrons of V and Fe in the phosphate glasses to standard TM oxide powders (see Table  2 ), the V 2p peaks for the glass samples and metal oxides are almost at the same positions while the Fe 2p peaks for the glass samples shift by approximately 1.2 eV towards higher binding energies. These shifts can result not only from a change in the molecular environment from V 2 O 5 and Fe 2 O 3 , but also from a reduction of the formal oxidation state of V and Fe in the glass structures [23] . Following a similar explanation to that given in the preceding paragraph, V and Fe atoms in the glass structures will be surrounded by a large number of P atoms instead of V or Fe atoms at the next-nearest neighbor positions. Thus the electron density of the V or Fe atoms would be smaller while their 2p binding energies would be greater. In contrast, binding energies typically decrease with a reduction in the oxidation state of a metal atom, e.g., V 5 3 V 4 and Fe 3 3 Fe 2 . Consequently the change in the molecular environment must be the dominant mechanism responsible for the shifts in the Fe 2p energies and for keeping the V 2p levels unchanged.
Ideally, magnetic susceptibility measurements should be able to provide an independent veri®-cation of the presence and amount of the various magnetic ions in these vanadium phosphate glass samples. However, the presence of three dierent magnetic ions, i.e., V 4 p eff 1:8 l B , Fe 3 p eff 5:9 l B and Fe 2 p eff 5:4 l B , results in an overabundance of independent variables such that the magnetic susceptibility data cannot be further analyzed without additional constraints. By using the ratios of V 4 =V total , Fe 3 =Fe total and Fe 2 =Fe total as determined from the XPS analyses and the molar fraction of each constituent as measured from ICP, a comparison between the expected (calculated) value of the Curie constant (see Appendix A) and the experimentally measured value for each sample can be made. As shown in Table 4 , the calculated Curie constants are within 3% of the experimental values for all vanadium phosphate glass samples containing Fe (x > 0) and within 7% for the Fe 2 O 3 -free glass sample (x 0). Thus the strong correlation between the calculated and experimental Curie constants con®rms the present of the three magnetic ions, V 4 , Fe 3 and Fe 2 , in these vanadium phosphate glasses. Furthermore, the fact that the paramagnetic Curie temperatures, h, for all glass samples are non-zero and negative indicates that there are exchange eects between the magnetic spins with the interaction being antiferromagnetic in nature. This is consistent with previous investigations on similar systems [24, 25] reporting that the antiferromagnetic interactions are present in magnetic TM oxide glasses. Assuming that the local structure of the glass is P 4 O 10 , the possibility exists for the cluster formation of dimers (two P sites being occupied by magnetic ions) and closed-trimers (three sites being occupied by magnetic ions in a closed triangle) with a`nonbridging' oxygen atom between the magnetic ions. It is well known that such oxygen intermediaries provide an indirect exchange mechanism responsible for the antiferromagnetic ordering in magnetic insulators [26] .
The observation of the paramagnetic Curie temperature, h, becoming more negative with increasing Fe 2 O 3 content in these glass samples implies that the interaction strength between the magnetic ions becomes greater and/or that more ions are participating in the interaction as h G J Á z Á S, where J is the interaction strength, z the number of magnetic nearest neighbors and S is the magnetic spin. Assuming a random probability for the magnetic ion substitution in the P 4 O 10 structure, 17% of the P 4 O 10 structures would not have any magnetic ions, 38% would contain a single magnetic ion, 32% a dimer, 12% a closedring trimer, and less 2% would have all P sites replaced with magnetic ions for the x 0:10 glass sample (see Table 5 ). With increasing Fe content in the vanadium phosphate glasses, the number of dimers, trimers and`quads' (all P sites occupied by magnetic ions) would increase while the number of the other two possible cluster con®gurations would decrease. Thus the average value of z and S would increase with increasing Fe 2 O 3 content. Additionally, one could expect the exchange overlap and hence the eective interaction strength J to increase if the local P 4 O 10 structure has any contraction in the lattice spacing between the P Table 5 Probability distribution of a given magnetic cluster type in the P 4 sites with the substitution of more Fe on the P sites.
Finally, the deviation from the Curie Weiss behavior below $15 K can be explained on the basis of the local P 4 O 10 structures consisting of single magnetic ions, dimers, etc. In the lowtemperature regime T ( J , the magnetic susceptibilities for antiferromagnetic dimers and quads' would vanish to zero while that for the trimers would remain ®nite but small. However, the susceptibility of the non-interacting, single magnetic ions continues to increase as 1=T . Consequently, the paramagnetic contribution of these non-interacting magnetic ions to the susceptibility will become the most dominant contribution and cause the downturn observed in the temperature dependence of the inverse susceptibility below 15 K.
Conclusions
By combining studies of the XPS spectra for O 1s, P 2p, P 2s, Fe 2p and V 2p core levels of the Fe 2 O 3 vanadium phosphate glasses with magnetic susceptibility measurements, the local structure of these glasses and the nature of the interactions between the magnetic ions have been investigated. The O 1s spectra for the glasses show a single, symmetric peak which results from nearly 95% of the oxygen sites in the local P 4 O 10 structure being occupied by non-bridging oxygen atoms. The shifts in the binding energies of the Fe 2p (1.2 eV increase), the V 2p (no change) and both the P 2p and P 2s (1.9 eV decrease) core levels for these glasses in comparison those for their respective powders (Fe 2 O 3 , V 2 O 3 and P 2 O 5 ) are explained in terms of changes in their electron densities as a result of dierences in the nextnearest neighbor environment between the local structures in the glasses and powders. In addition, the V 2p 3=2 and Fe 2p 3=2 spectra for the glass samples are suciently broaden such that two peaks are ®tted to the data. These peaks are associated with the presence of V 5 
